HSP40s or DnaJ/J-proteins are evolutionarily conserved in all the organisms as cochaperones of molecular chaperone HSP70s that mainly participate in maintaining cellular protein homeostasis, such as protein folding, assembly, stabilization, and translocation under normal conditions as well as refolding and degradation under environmental stresses. It has been reported that Arabidopsis J-proteins are classified into four classes (type A~D) according to domain organization, but their phylogenetic relationships are unknown. Here, we identified 129 J-proteins in worldwidely popular vegetable Brassica oleracea as a close relative of model plant Arabidopsis and also revised the information of Arabidopsis J-proteins based on the latest online bioresources. According to phylogenetic analysis with domain organization and gene structure as references, the J-proteins from Arabidopsis and B. oleracea were classified into fifteen main clades (I~XV) separated by a number of undefined small branches with remote relationship. Based on the number of members, they respectively belong to multigene clades, oligo-gene clades, and mono-gene clades. The J-protein genes from different clades may function together or separately to constitute a complicated regulatory network. This study provides a constructive viewpoint for J-proteins classification and an informative platform for further functional dissection and resistant genes discovery related to genetically improvement of crop plants. Genome HSP70s in the model plant Arabidopsis, respectively (Qiu et al. 2006; Rajan and D'Silva 2009; Walsh et al. 2004). Therefore, the specific HSP70 may bind a diversity of J-proteins to perform multiple molecular functions and produce different biological effects. J-protein is characteristic of the conserved DnaJ (J)-domain which is responsible for interaction with the nucleotide-binding domain of HSP70. According the domain organization, J-proteins have been classified into four types (Cheetham and Caplan 1998; Walsh et al. 2004). Type A J-proteins share all the four domains with their E. coli prototype DnaJ, sequentially including a high conserved N-terminal DnaJ-domain (J-domain), a Gly/Phe-rich region, a zinc finger domain, and a C-terminal domain. Type B J-proteins just lack zinc-finger domain, while Type C J-proteins only carry a single J-domain. Type D J-proteins are identical to J-like proteins with the J-domain but absent of the extremely conserved HPD motif. For instance,
Prokaryotic and eukaryotic organisms respond and adapt to abiotic stress via accumulation of heat shock proteins (HSPs) as a defense mechanism. HSPs are divided into seven groups based on their molecular weight: the small HSPs (IbpA/B in Escherichia coli), HSP10 (GroES), HSP60 (GroEL), HSP40/J-proteins (DnaJ), HSP70 (DnaK), HSP90 (HtpG), HSP100 (ClpB/A/C) (Georgopoulos and Welch 1993; Lindquist and Craig 1988) .
HSP40/J-protein is the co-chaperone of molecular chaperone HSP70 and stimulates the ATPase activity of HSP70. HSP40 co-chaperones usually have more members than Hsp70 chaperones. For instance, there are 6 types of HSP40s and 3 HSP70s in E. coli, 22 HSP40s and 14 HSP70s in yeast, 41 HSP40s and 12 HSP40s in human, and even >100 HSP40s and 16
D r a f t in diverse cellular events including protein folding, assembly, translocation, stabilization, refolding, and degradation (Du et al. 2013) , but also perform the other roles as enzyme or epigenetic regulator (de Crouy-Chanel et al. 1995; Richly et al. 2010) . In Arabidopsis, J-proteins are extensively involved in growth and development, gravity perception, hormone regulation and response to abiotic stress (Bekh-Ochir et al. 2013; Boonsirichai et al. 2003; Chen et al. 2011; Christensen et al. 2002; Feng et al. 2016; Harrison and Masson 2008; Kneissl et al. 2009; Kroczynska et al. 1996; Ma et al. 2015; Park et al. 2011; Park and Kim 2014; Petti et al. 2014; Pulido et al. 2013; Tamura et al. 2007 D r a f t databases. J proteins were aligned using Clustalw (Thompson et al. 1994) , and phylogenetic analysis was performed using MEGA6 (Tamura et al. 2013) . The full-length amino acid sequences of J-proteins were used for constructing neighbor-joining (NJ) trees with the following settings: pairwise deletion option for gaps/missing data treatment; p-distance method for Substitution model; and bootstrap test of 1000 replicates for internal branch reliability.
Results

Identification of J-proteins from Arabidopsis thaliana and B. oleracea
Systematic identification of J-proteins in Arabidopsis has been carried out several times as yet (Finka et al. 2011; Miernyk 2001; Rajan and D'Silva 2009 Phytozome bioresource. We found that two type-C proteins (DJC58/At1g69050 and DJC49/At1g80120) and three type-D proteins (DJLD1/At5g11500, DJLD2/At3g59280 and DJLD3/At5g61880) should not be J-proteins due to absence of typical J-domain according to the detection of both online SMART and NCBI-CD webtools. Additionally, we also identified another 13 different members (Table S1 ) in which ARC6/DJLD14, CRRL/DJLD4 and EIP9/DJLD5 have been reported (Park et al. 2011; Vitha et al. 2003; Yamamoto et al. 2011), consequently giving rise to 117 Arabidopsis J-proteins in total. To identify the J proteins in B.
oleracea, two search strategies were performed through both keyword search and BLASTp search against phytozome database (described in materials and methods). Finally, we obtained 129 J-proteins in B. oleracea (Table S2 ).
As conventional classification only based on the domain organization, J-proteins (including J-like proteins) can be simply divided into four types (Finka et al. 2011; Miernyk 2001; Rajan D r a f t and D'Silva 2009). However, the phylogenetic relationship among them are far from known.
In fact, J-proteins characteristic of the conserved J-domain usually display greatly diversity in the rest of amino acid sequences. Thus, we performed phylogenetic analysis at the same time using domain organization as a reference to classify J-proteins. The results showed that J-proteins in Arabidopsis and B. oleracea are divided into 15 major clades (I~XV) often separately by low-score branches which might represent the unrelative mono-genes ( Fig. 1) .
Clade I and II contain more than ten members in Arabidopsis and B. oleracea, named as multigene clades. Clade III to XV harbor 2 to 7 members, named as oligo-gene clades. The and its ortholog Bol008420. Clade II can be divided into two subclades, subclade II-1 and II-2.
The genes in subclade II-1 usually have more introns than those in subclade II-2. Additionally, Furthermore, DJA8/AtERdj3b associated with AtP58 IPK is involved in polar nuclear-membrane fusion (Maruyama et al. 2014 ).
In addition, we found our results mainly according to phylogenetic analysis were different from the classical domain-based J-protein classification (type A~D). In Arabidopsis, subclade II-1 consisting of seven type-A DJAs (DJA1~7) and one type-C DJC20 and subclade II-2 consisting of seven type-B DJBs (DJB 1~6, and DJB10), one type-A DJA8, and one type-C DJC51 are not completely consistent with previous type-A and type-B, respectively. So, phylogenetic-based classification in this study may reflect more truthful evolutionary relationship among J-proteins.
Oligo-gene clades: clade III~XV
Oligo-gene clade represents the clade with less than ten members in each species, such as clade III to XV ( (Ifuku et al. 2011; Yamamoto et al. 2011) . DJC76/atDjC17 (At5g23240) is involved in position dependent cell fate determination during root development (Petti et al. 2014) .
Discussion
D r a f t
Phylogenetic-dominant classification contributes to overall understanding of J-proteins
The classical classification of J-proteins based on the domain organization simplifies the complexity of further analysis to a certain extent. However, sometimes the proteins belonging to the same types have remote evolutionary relationship. Here we pay more attention to phylogenetic relationship of J-proteins, providing a different viewing angle for classification and annotation of J-proteins.
With the constant updating of available genomic data and on-line public biotools, the identification and annotation of J-proteins in Arabidopsis has been greatly improved, which can be reflected by the three publications from the year 2001 (Finka et al. 2011 Miernyk 2001; Rajan and D'Silva 2009 ). However, these publications each use similar nomenclature system but with reordered serial number, which prefers to cause confusion and even misunderstanding. For instance, At3g44110 was named as atDjA3 by Miernyk (2001) but renamed as atDjA1 by Rajan and D'Silva (2009) 
J-proteins are widely involved in responses to biotic and abiotic stresses
In plants, J-proteins play critical roles in response to environmental stresses. Atriplex nummularia ANJl is a functional homolog of yeast cytoplasmic YDJ1/MAS5, which is required for mitochondrial protein import and protein translocation across the ER (Atencio   and Yaffe 1992; Caplan et al. 1992) . ANJl can complements the yeast mas5 temperature-sensitive mutation, and its expression is induced by heat shock and salt stress (Zhu et al. 1993) , so does in Salix gilgiana SGJ3 (Futamura et al. 1999) . Tobacco DnaJ ortholog NtDnaJ1 expression is obviously enhanced by drought stress. Over-expression of NtDnaJ1 enhances tolerance to osmotic or drought stress in transgenic Arabidopsis (Xia et al. 2014 ). The tomato chloroplast-targeted J-protein (LeCDJ1) played an essential role in D r a f t maintaining photosystem II (PSII) activity under chilling or heat stress; LeCDJ1 overexpression enhanced tolerance to chilling or heat in transgenic tomatoes (Kong et al. 2014a; Kong et al. 2014b) . Ectopic expression of another tomato chloroplast-targeted DnaJ gene LeCDJ2/SlCDJ2 enhanced tolerance to drought stress and resistance to the pathogen Pseudomonas solanacearum in transgenic tobacco (Wang et al. 2014a ). Overexpression of SlCDJ2 in tomato enhanced thermotolerance by protecting Rubisco activity and maintaining carbon assimilation capacity under heat stress (Wang et al. 2015) . Furthermore, J-proteins have been found to participate in response to biotic stress even through different mechanisms. D r a f t
The unrooted NJ tree was generated using MEGA6 with parameter settings as Fig. 1 
